We investigated the propagation of femtosecond laser pulses through a metamaterial that has a negative index of refraction for wavelengths around 1.5 micrometers. From the interference fringes of a Michelson interferometer with and without the sample, we directly inferred the phase time delay. From the pulse-envelope shift, we determined the group time delay. In a spectral region, phase and group velocity are negative simultaneously. This means that both the carrier wave and the pulse envelope peak of the output pulse appear at the rear side of the sample before their input pulse counterparts have entered the front side of the sample.
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T he propagation of waves through dispersive media often leads to surprising or counterintuitive behavior (1) . For the case of positive-refractive-index media in electrodynamics, where the phase velocity v phase is positive (in the forward direction), the group velocity v group can become negative in the regime of anomalous dispersion. As a result, the peak of a temporally long Gaussian pulse can appear at the rear side of a sample before the peak of the Gaussian input pulse has entered the front side of the sample (2). This phenomenon has been directly observed (3) on an excitonic absorption resonance in a GaP:N semiconductor sample by time resolving the transmission of a picosecond optical pulse. Further experiments along these lines, e.g., on positive-index systems with gain (4-6), have confirmed this behavior. It has been thoroughly discussed (2) that superluminal or even negative group velocities are not at all in conflict with relativity or causality, essentially because the peak of the output pulse is not a cause of the peak of the input pulse. In other words, even though input and output pulses can have the same Gaussian shape, reshaping of the pulse envelope is of crucial importance.
Here we report results of corresponding experiments on negative-refractive-index materials. These highly unusual materials have only recently become available (7) (8) (9) , with the optical regime becoming accessible only within the past year (10) (11) (12) (13) (14) . The phase velocity in these materials is negative. We directly measured both group and phase velocity by propagating a femtosecond laser pulse through a negative-index metamaterial and then time resolving the transmitted pulse using interferometry. These experiments are the negative-index counterpart of the above experiments for positive-index materials (3) (4) (5) (6) , where v phase 9 0 and v group G 0. We found conditions where v phase G 0 and v group G 0, and others where v phase G 0 and v group 9 0. Together with the usual situation of v phase 9 0 and v group 9 0, all four sign combinations have now been observed in direct experiments. For all four sign combinations, the Poynting vector is positive, i.e., along the forward direction.
The negative-index metamaterial samples used in our experiments closely follow a design proposed theoretically in (10) and first realized experimentally in (11) . For the polarization configuration sketched in Fig. 1 , the material can be thought of as consisting of double-plate (or double-wire) pairs (13, 14) , which provide the negative magnetic permeability m, and long metal wires, which act as a diluted Drude metal. Below the plasma frequency, the latter correspond to an electric permittivity e G 0. The combination of m G 0 and e G 0 leads to a negative real part of the refractive index n (15). Our samples were fabricated using standard electronbeam lithography and electron-beam evaporation of the constituent materials. In total, we fabricated 60 different negative-index samples on glass substrate covered with a 5-nm thin film of indium-tin-oxide (ITO). Each sample has a footprint of 100 mm Â 100 mm. The sample parameters of the sample discussed below are given in Fig. 1 , A to C. An overview of the measured and calculated (16) optical transmittance and reflectance spectra is given in Fig. 2 . Here, the gold dielectric function is described by the Drude model with plasma frequency w p 0 1.32 Â 10 16 s -1 and collision frequency w c 0 1.2 Â 10 14 s -1 . These values are obtained from a fit of the Drude model to the measured complex permittivity of thin gold films (17) in the near-infrared. The refractive index of the glass substrate is n 0 1.5, and that of the MgF 2 spacer layer is n 0 1.38. Experiment and theory in Fig. 2 are found to agree very well.
From the calculated spectra, we have retrieved (18) the effective metamaterial parameters and we found a negative real part of the refractive index, Re(n) G 0 (see below). As expected from theory (10), we do not obtain Re(n) G 0 for the orthogonal linear polarization.
To perform phase-sensitive experiments on these samples, different interferometer types can be used; for example, a Michelson interferometer or a Mach-Zehnder interferometer. Our setup (Fig. 1D) is essentially a compact Michelson interferometer (not actively stabilized), into one arm of which we can insert the sample. 170-fs, transformlimited Gaussian pulses from an optical parametric oscillator (OPO) that are tunable around 1500-nm wavelength are sent into this interferometer. The output of the interferometer is recorded as a function of the length of one of the interferometer arms, which can immediately be translated into an interferometer time delay. When inserting the sample, the interferogram shifts on the time-delay axis. The shift of its envelope is determined by the sample group velocity. The shift of the rapidly oscillating fringes contains information on the sample phase velocity, provided that two conditions are satisfied: (i) To infer unambiguously the phase velocity from a
, the anticipated maximum phase delay Dt phase is below one femtosecond and the period of light is about 5 femtoseconds at 1500-nm wavelength. (ii) Generally, an additional phase delay can arise due to the interfaces between air/metamaterial and metamaterial/substrate. Thus, the experiments must be accompanied by transmittance/ reflectance spectroscopy and by theory to ensure that these phase factors do not dominate over those due to propagation (see below). This interface aspect can generally also influence the group delay, but turns out to be unimportant here. Figure 3 shows results obtained on a negative-index metamaterial. By laterally translating the sample (Fig. 1D) , we first measure the air interferogram, then that of the sample. The glass substrate is in the optical path in either case, hence it drops out when considering the difference. The zero of the interferometer time-delay axis is set to be at the maximum of the air interferogram. We measure one air interferogram within about 2 s acquisition time, then we move the sample in by computer control, take a second interferogram, move the sample out again, and Fig. 4 is highlighted by the gray area. repeat the entire procedure 20 times. In this fashion, we can identify possible drifts of our setup. Typically, we find drifts smaller than 100 attoseconds throughout the procedure. Each of the two interferograms shown in (Fig. 1D) . Similarly, we get the group time delay Dt group 0 2d/v group -2d/c 0 . For the example depicted in Fig. 4 
Here, phase and group delay are identical within the measurement error and consistent with the HfO 2 refractive index. Figure 4 summarizes measured phase and group delays for various OPO center wavelengths, individually obtained along the lines of Fig. 3 . The phase delay Dt phase is negative for the entire spectral range depicted. The group delay is either negative or positive. All measurements agree very well with our calculations, which use the identical sample parameters as in Fig. 2 . These calculations directly simulate the experiment (Fig. 3, C  and D) . We let a 170-fs Gaussian pulse propagate through the structure shown in Fig. 1 , but we do not use the retrieved effective material parameters. However, using the retrieved material parameters would give strictly the identical result, because the complex transmittance and reflectance coefficients are strictly identical, owing to the principle of the retrieval procedure (18) .
We start our discussion of the data in Fig.  4C by assuming that the phase delay is exclusively due to propagation. In this case, a negative refractive index requires phase delays more negative than Dt phase 0 0 -2d/c 0 . With the metamaterial thickness of d 0 85 nm, we get the Re(n) 0 0 line at Dt phase 0 -0.57 fs, which is illustrated by the dashed horizontal line in Fig. 4C . However, if the phase delay was exclusively due to propagation, the crossing of the phase-delay curve with the Re(n) 0 0 line and the zero crossing of the real part of the retrieved refractive index in Fig. 4C should strictly coincide. We find a small spectral shift between the two crossings. This shift originates from an additional phase delay due to the interfaces between air/metamaterial and metamaterial/substrate. At these interfaces, one obtains phase factors from the Fresnel equations for complex metamaterial impedances. Multiple reflections between these interfaces further modify the phase.
It is simple to understand the measured sign of the group delay in terms of an effective material (Fig. 4B) . The group velocity v group can be expressed as
For the fictitious case of negligible dispersion, the group velocity is identical to the phase velocity, i.e., the group velocity is negative if the phase velocity (equivalently the real part of the refractive index) is negative. In the presence of dispersion, the second term in the denominator can be either positive or negative, depending on which part of the spectral resonance is considered. For frequencies where the derivative of the index with respect to frequency is positive (Fig. 4C, right  side) , the second term can overcompensate the negative refractive index. This can lead to a positive group velocity, hence to a positive group delay. Our direct experiments are consistent with indirect experiments on negative-index metamaterials in the microwave regime (19) , where the group delay was calculated numerically on a computer from the measured dispersion of the phase delay. We have shown in direct pulse propagation experiments on negative-index metamaterials that the phase velocity can be negative. Furthermore, contrary to common intuition, the group velocity can also be negative simultaneously. For other spectral positions, we find negative phase velocity and positive group velocity. For all sign combinations of phase and group velocity in effective metamaterials, the Poynting vector is positiveotherwise no signal would be transmitted through the sample. 
